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Abstract

Background: Treatment of renal cancer has significantly improved with the arrival to the clinic of kinase inhibitors
and immunotherapies. However, the disease is still incurable in advanced stages. The fact that several approved
inhibitors for kidney cancer target receptor tyrosine kinases (RTKs) suggests that these proteins play a critical role in
the pathophysiology of the disease. Based on these precedents, we decided to explore whether RTKs other than
those targeted by approved drugs, contribute to the development of kidney cancer.

Methods: The activation status of 49 RTKs in 44 paired samples of normal and tumor kidney tissue was explored
using antibody arrays, with validation by western blotting. Genetic and pharmacologic approaches were followed
to study the biological implications of targeting the epidermal growth factor receptor (EGFR) and its ligand
Transforming Growth Factor-α (TGFα).
Results: Activation of the EGFR was found in a substantial number of tumors. Moreover, kidney tumors expressed
elevated levels of TGFα. Down-regulation of EGFR or TGFα using RNAi or their pharmacological targeting with
blocking antibodies resulted in inhibition of the proliferation of in vitro cellular models of renal cancer. Importantly,
differences in the molecular forms of TGFα expressed by tumors and normal tissues were found. In fact, tumor
TGFα was membrane anchored, while that expressed by normal kidney tissue was proteolytically processed.

Conclusions: The EGFR-TGFα axis plays a relevant role in the pathophysiology of kidney cancer. This study unveils a
distinctive feature in renal cell carcinomas, which is the presence of membrane-anchored TGFα. That characteristic
could be exploited therapeutically to act on tumors expressing transmembrane TGFα, for example, with antibody
drug conjugates that could recognize the extracellular region of that protein.
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Background
Kidney cancer is one of the most common urological tu-
mors, ranking 9th and 14th in the listing of most com-
mon tumors in men and women, respectively [1, 2].
Although the disease is still incurable in advanced stages,
incorporation of immunotherapies or targeted drugs has
improved patient prognosis. The targeted agents used
for the therapy of kidney cancer are mainly based on
kinase inhibitors such as temsirolimus or everolimus,
which act on mTOR, or ample spectrum inhibitors such
as sorafenib, and the receptor tyrosine kinase (RTK) in-
hibitors sunitinib, pazopanib, axitinib, or cabozantinib
[3]. A common feature of the last four drugs is their cap-
ability to inhibit one or several of the receptors for the
vascular endothelial growth factor, in addition to other
RTKs [4–6]. Recently, the KEYNOTE-426 and Check-
Mate 9ER trials have shown that the administration of
some of these RTK inhibitors with immunotherapies
that act on the PD1/PD-L1 axis improves patient out-
come [7, 8], underlying the important role that targeting
kinases has in the therapeutics of this tumor type.
The clinical effectiveness of RTK inhibitors in kidney

cancer indicates that this family of receptors plays a
relevant role in the pathophysiology of the disease. Such
circumstance raises the question of whether other RTKs
not targeted by the drugs mentioned above may contrib-
ute to renal cancer progression. To explore such
possibility, we analyzed the expression of active forms of
a panel of 49 different RTKs in paired normal-tumoral
tissues from patients with renal cancer. Here we report
that most tumors expressed active forms of the epidermal
growth factor receptor (EGFR). Moreover, we show that
the tumoral samples express substantial amounts of the
EGFR ligand Transforming Growth Factor-α (TGFα).
The expression and prooncogenic functions of the

EGFR and TGFα in kidney cancer have already been re-
ported [9–22], but only strategies acting on the EGFR
have been tested in the clinic. Those clinical studies have
reported results in different directions, with some show-
ing lack of efficacy [23, 24] while others reporting signs
of potential activity in selected populations [25, 26]. In
the case of TGFα, its pathophysiological role as well as
its potential manipulation with therapeutic purposes
have not been explored in kidney cancer. Interestingly,
TGFA expression has recently been linked to therapeutic
responses in renal cell carcinoma [27].
The lack of information about the pathophysiological

role of TGFα in kidney cancer, together with the
conflicting results reported on EGFR, motivated us to
further evaluate the biological relevance of targeting the
EGFR-TGFα system in this pathology. We show that
reduction of the expression of either EGFR or TGFα by
RNAi reduced proliferation of kidney cancer cells.
Moreover, the therapeutic antibody cetuximab or a

neutralizing antibody against soluble TGFα reduced
proliferation of cellular models of kidney cancer. These
findings suggest that the EGFR-TGFα axis plays a role in
the pathophysiology of kidney cancer, and therefore
their targeting should be considered with therapeutic
purposes. Importantly, we found differences in the mo-
lecular forms of TGFα expressed in the tumoral samples,
compared to their normal paired tissues. In fact, tumoral
tissues expressed a substantial amount of full length
unprocessed TGFα, while normal tissues efficiently proc-
essed membrane TGFα. That finding opens the possibil-
ity of exploiting expression of membrane bound TGFα
as a novel therapeutic target in kidney cancer.

Methods
Reagents and antibodies
Cell culture media, fetal bovine serum (FBS) and penicil-
lin/streptomycin were from Invitrogen (Gaithersburg,
MD, USA). Protein A-Sepharose was from GE Healthcare
Life Sciences (Piscataway, NJ, USA). Cetuximab was from
Merck (Darmstadt, Germany). Other chemicals were pur-
chased from Sigma-Merck or Roche Biochemicals (Basel,
Switzerland). The rabbit polyclonal anti-calnexin antibody
was from Stressgen Biotechnologies Corporation (British
Columbia, Canada). The antibody against amphiregulin
was purchased from Abcam (Cambridge, UK). The neu-
tralizing anti-human TGFα was from R&D Systems
(Minneapolis, MN, USA). The antibodies against GAPDH
and phosphotyrosine were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Horseradish peroxidase conju-
gates of anti-rabbit or anti-mouse immunoglobulin G
were from Bio-Rad Laboratories (Hercules, USA). The
anti-EGFR used for western blotting or immunoprecipita-
tion and the anti-proTGFα antibodies have been described
previously [28, 29].

Patient samples and RTK phosphokinase arrays
Tyrosine phosphorylation of 49 different RTKs was eval-
uated by antibody arrays in renal cell carcinoma samples
and normal tissues from patients of the University
Hospital of Salamanca, diagnosed between 2005 and
2011. The samples used in this study were from surgical
resection and were obtained following the Declaration of
Helsinki on ethical principles for medical research in-
volving human subjects. Written informed consent for
research use of tissue samples was obtained from the
patients.
Fresh tissue samples from the primary tumors were

embedded in OCT (Thermo Fisher Scientific, Waltham,
MA, USA) and then in isopentane, and placed at −
80 °C. Selection of the tumoral tissue was performed
after excision of part of the tumor and staining with
hematoxylin/eosin. Tissue samples were minced, washed
with phosphate-buffered saline (PBS; NaCl 137 mM, KCl
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2.7 mM, Na2HPO4 8mM, KH2PO4 1.5 mM) and homog-
enized (Dispomix, L&M Biotech, Holly Springs, NC,
USA) in ice-cold lysis buffer (Tris–HCl [pH 7.0] 20 mM,
NaCl 140 mM, EDTA 50mM, 10% glycerol, 1% Nonidet
P-40, pepstatin 1 μM, aprotinin 1 μg/mL, leupeptin 1 μg/
mL, phenylmethyl sulfonyl fluoride 1 mM, sodium
orthovanadate 1 mM; 1.5 ml/100 mg of tumor). This
homogenate was centrifuged at 10,000 xg for 20 min at
4 °C and the supernatants were transferred to new tubes.
For the antibody arrays, 300 μg of patient sample

lysates were hybridized to human phospho-RTK array
kit (R&D Systems), following the manufacturer’s instruc-
tions and as described [28]. Quantitation of pixel
densities of the different spots corresponding to RTKs
was performed using the Image Studio V5.2 program
(LI-COR, Lincoln, USA).

Cell culture, cell proliferation and infection with
lentiviruses
All cell lines were cultured at 37 °C in a humidified atmos-
phere in the presence of 5% CO2 and 95% air. A-498,
ACHN and Caki-2 cells were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) and 769-P and 786-O
in RPMI-1640 medium supplemented with 10% FBS, 100
mU/mL penicillin and 100 μg/mL streptomycin. Cell line
authentication was performed by STR at the Hematology
Service of the Salamanca University Hospital. Cell prolif-
eration was assessed by cell counting [30].
Cells were seeded in 6-well plates and allowed to

attach overnight in DMEM or RPMI-1640 + 10% FBS.
The next day medium was replaced with complete
medium containing the different antibodies. After
treatment, cells were collected and counted using a Z1
Particle Counter (Beckman Coulter, Pasadena, USA).
Knockdown of EGFR or TGFα in all the cell lines was
performed by infection with lentiviral particles. The len-
tiviral vectors containing short hairpin RNA (shRNA)
for EGFR or TGFα were obtained from Thermo Fisher
Scientific. A minimum of 5 different shRNA sequences
were tested and the ones that produced the highest
knockdown levels were used for the proliferation experi-
ments. Preparation of lentiviral vectors was performed
as described previously [31].

Immunoprecipitation and western blotting
Detailed procedures for immunoprecipitation and west-
ern have been described [32, 33]. In brief, cultured cells
were washed with PBS and lysed in ice-cold lysis buffer.
Lysates were centrifuged at 10,000 xg at 4 °C for 10 min
and supernatants were transferred to new tubes with the
corresponding antibody and protein A- or protein G-
Sepharose. Protein concentration was determined by
bicinchoninic acid (BCA) assay (Pierce BCA potein assay
kit, Thermo Fisher Scientific). Immunoprecipitations were

performed at 4 °C for at least 2 h. Immune complexes
were recovered by a short centrifugation at 10,000 xg for
15 s, followed by three washes with 1mL cold lysis buffer.
Samples were then boiled in electrophoresis sample buffer
and placed on SDS-PAGE gels at varying acrylamide con-
centrations, depending on the molecular weight of the
proteins to be analyzed. After electrophoresis, the sepa-
rated proteins in the gel were transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore Corporation,
Bedford, MA, USA). Membranes were blocked in TBST
(Tris [pH 7.5] 100mM, NaCl 150mM, 0.05% Tween 20)
containing 1% BSA or 5% skimmed milk for 1–3 h and
then incubated with the corresponding antibody for 2–16
h. After washing three times with TBST for 7min, mem-
branes were incubated with HRP-conjugated anti-mouse
or anti-rabbit secondary antibodies for 30min. After the
secondary antibody, the membranes were washed three
times with TBST and the bands were visualized by en-
hanced chemiluminescence [34].

Quantitative PCR
Total RNA was obtained using TRIzol Reagent
(Thermo Fisher Scientific). After extraction, concen-
tration and purity were determined using a Nano-
Drop ND-1000 spectrophotometer (Thermo Fisher
Scientific) and subsequently, 2 μg of total RNA was
reverse-transcribed using MMLV-Reverse Transcript-
ase (Thermo Fisher Scientific) and oligodT primers
in a thermocycler (Bio-Rad) under the following re-
action conditions: 65 °C for 5 min, 37 °C for 50 min
and 70 °C for 15 min. The cDNAs were then sub-
jected to a real-time PCR analysis using SYBR Select
Master Mix for CFX (Applied Biosystems, Foster city,
CA, USA) in iQTM5 Multicolor Real Time PCR
Detection System (Bio-Rad). An initial step was per-
formed at 95 °C for 10 min, followed by 40 cycles of
95 °C for 30 s, 60 °C for 30 s and finished by 72 °C for
1 min. Each sample was analyzed in triplicate and the
relative expression of each gene was determined
using PP1A as housekeeping gene, according to the
formula: 2^-(Ct reference gene – Ct gene). Primer
sequences used were designed with Primer3 software
[35] as follows:
EGF forward 5′-TCAGGGAAGATGACCACCAC-3′.
EGF reverse 5′-TCTCGGTACTGACATCGCTC-3′.
TGFA forward 5′-GAAGCCACAAAGCCGGTAAA-3′.
TGFA reverse 5′-ATACTTACCGAGGGCTCACG-3′.
AREG forward 5′-GCTGCCTTTATGTCTGCTGT-3′.
AREG reverse 5′-CACTGGAAAGAGGACCGACT-3′.
BTC forward 5′-CACCACACAATCAAAGCGGA-3′.
BTC reverse 5′-ACTCTCTCACACCTTGCTCC-3′.
HBEGF forward 5′-TGGTGCTGTCATCTGTCTGT-3′.
HBEGF reverse 5′-GTCTTTCCCCTCTGCAGTCT-3′.
EREG forward 5′-CGTGTGGCTCAAGTGTCAAT-3′.
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EREG reverse 5′-TGGAACCGACGACTGTGATA-3′.
EPGN forward 5′-TGACAGCACTGACCGAAGAG-3′.
EPGN reverse 5′-CTCATGGTGGAATGCACAAG-3′.
PP1A forward 5′-ACC GCC GAG GAA AAC CGT

GTA-3′.
PP1A reverse 5′-TGC TGT CTT TGG GAC CTT

GTC TGC-3′.

In silico studies
The expression analyses of EGFR and TGFα in cancer
cell lines were conducted using the public genomic data
available in the Cancer Cell Line Encyclopedia (CCLE)
[36]. The expression analysis of EGFR and TGFα in
healthy and tumor tissue samples from patient cohorts
with different cancer subtypes were obtained with Fire-
browse (http://firebrowse.org/) and GEPIA2 (http://
gepia2.cancer-pku.cn/#general) bioinformatics tools.

Statistical analyses
Comparisons of continuous variables between two
groups were performed using a two-sided Student’s t
test, a Wilcoxon matched-pairs signed rank test, or a
Mann-Whitney U test. Differences were considered sta-
tistically significant when p-values were less than 0.05.
Statistical data are presented as the mean ± s.d. All data
were analyzed using the statistical software SPSS 21.0
(Chicago, IL, USA).

Results
Active RTK profiling in normal and tumoral kidney tissues
With the intention to find RTKs that may play a relevant
pathophysiological role in the development of kidney tu-
mors, we evaluated the activation status of 49 RTKs in
kidney tissues from patients with renal cancer using
antibody arrays. We preferentially searched for tumoral
samples in which normal tissue from the same patient
was available. That would allow comparison of RTKs ac-
tivation status in the tumor with respect to the normal
tissue of the same patient. Of a total of 44 samples
collected from 24 patients, 40 (corresponding to 20 pa-
tients) were paired, consisting of normal and tumoral
tissue from the same patient (Fig. 1A and supplementary
Fig. 1A). Figure 1B shows representative arrays, corre-
sponding to the results obtained in four normal and the
corresponding tumoral paired samples. In the tumoral
tissues, the level of activation of the EGFR was substan-
tially higher than in the normal paired tissues (Fig. 1C
and D). In fact, the levels of pEGFR in 13 patients (65%)
were higher in the tumors than in the normal kidney tis-
sue (Fig. 1E). In 6 patients (30%), the levels of pEGFR
were similar in tumoral and normal tissue, and in only
one patient pEGFR levels were higher in the normal kid-
ney than in the tumoral tissue. No tyrosine phosphoryl-
ation of the other 48 RTKs analyzed was detected.

Immunoprecipitation studies were carried out on all
paired cases to confirm the activation of EGFR in the tu-
moral samples. These studies confirmed much higher
pEGFR in tumoral samples as compared to the paired
normal kidney tissue (supplementary Fig. 1B). Moreover,
the amount of total EGFR in those tumoral samples was
also superior to the amount present in the normal coun-
terparts, suggesting that not only increased levels of
pEGFR were present in the tumoral samples, but also el-
evated levels of the receptor.
Next, the expression of EGFR in different tumors

was explored using Firebrowse and GEPIA2 databases,
which also allow comparison of expression levels be-
tween normal and tumoral tissue. Analyses of the
former database showed that kidney tumors ranked
the second type of cancer with the highest EGFR
expression of the 19 available for analysis (supple-
mentary Fig. 2A). In the case of the GEPIA2 database,
kidney cancer ranked third of 33 different tumor
types, with respect to EGFR amount (supplementary
Fig. 2B). In both databases, EGFR expression was
higher in renal tumoral tissue than in normal kidney,
in line with data from the five paired samples pre-
sented in supplementary Fig. 1B.

EGFR ligands in normal and tumoral kidney tissues
Since the EGFR appeared highly phosphorylated, the ex-
pression of its seven ligands was then explored. Quanti-
tative PCR analyses showed expression of EGF and
TGFα in the normal tissues (Fig. 2A). In addition, TGFα
expression was high in the tumoral samples. In contrast,
the levels of EGF in tumoral samples were lower than in
the normal tissue. Expression of the other EGFR ligands
amphiregulin, betacellulin, epigen, HB-EGF or epiregulin
was very low in both normal and neoplastic kidney
tissues.
Exploration of Firebrowse (Fig. 2B) and GEPIA2 (sup-

plementary Fig. 3A) databases showed that kidney can-
cer ranked first with respect to TGFα expression when
compared to other tumoral types represented in those
databases. In agreement with the data obtained from the
samples analyzed in Fig. 2A, the in silico data confirmed
that TGFα expression was higher in tumoral tissue than
in normal kidney (Fig. 2B and supplementary Fig. 3B).
Analysis of Firebrowse database confirmed TGFα as the
most abundantly expressed of the seven EGFR ligands in
the tumoral samples (Fig. 2C). Moreover, with the ex-
ception of amphiregulin, the EGFR ligands appeared to
be more expressed in normal samples than in tumoral
ones. Of the tumors present in this database, kidney can-
cer ranked first with respect to TGFα expression levels.
Together, these observations indicate that among all
EGFR ligands, TGFα is the only one expressed at high
levels in kidney cancer.
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TGFα molecular forms in normal and tumoral kidney
tissues
TGFα is biosynthesized as a transmembrane precursor
protein, known as proTGFα, which undergoes three pro-
teolytic cleavages (Fig. 3A). Cleavage at site 1 removes
the N-terminal signal peptide and is expected to occur

co-translationally [29, 37, 38]. Then, the protein under-
goes maturation along the Golgi complex to generate
20–22 heterogeneously glycosylated forms that are
cleaved at site 2 to generate a transmembrane 17 kDa
proTGFα form [37, 39]. These two cleavage steps occur
relatively rapid during the initial steps of proTGFα

Fig. 1 Expression of activated forms of different tyrosine kinase receptors (RTKs) in tumor and normal tissue samples from patients with renal cell
carcinoma. A. Diagram of cases analyzed indicating the number of paired samples (tumor and healthy tissue from the same patient), as well as
the total number of healthy and tumor tissue samples. B. Images from four representative dot blots of renal tumor samples and their normal
counterparts from four different patients. C. Phosphorylation level of different RTKs, calculated as the mean pixel intensity of antibody duplicates
relative to the reference dots. The red dashed square shows the Mann-Whitney U test comparison for EGFR activation between the normal and
tumor tissue. D. pEGFR intensity in paired samples from 20 different renal cell carcinoma patients. E. Pie chart showing the percentage of paired
samples where levels of pEGFR were higher, lower or equal in the tumor samples than in the healthy tissue counterpart
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Fig. 2 Differential expression of EGFR ligands in healthy and tumor tissue. A. Level of expression (measured by quantitative PCR) of the seven
EGFR ligands in normal (n = 21, orange) and tumor (n = 23, purple) samples from renal cell carcinoma patients. Data are represented as 2^-delta
Ct, in arbitrary units (a.u.). P values are indicated. B. Differential expression of TGFA in 19 cancer subtypes, both in normal and tumor tissue. RNA-
Seq data were obtained from Firebrowse database and are represented as RPKM (reads per kilobase of exon model per million mapped reads).
The expression of TGFA in kidney renal clear cell carcinoma is highlighted with a red dashed square, indicating the expression fold change
between tumor and normal tissue. KIRC, kidney renal clear cell carcinoma; KIPAN, pan-kidney cohort; HNSC, head and neck squamous cell
carcinoma; ESCA, esophageal carcinoma; LUSC, lung squamous cell carcinoma; THCA, thyroid carcinoma; LUAD, lung adenocarcinoma; KIRP,
kidney renal papillary cell carcinoma; STES, stomach and esophageal carcinoma; BLCA, bladder urothelial carcinoma; STAD, stomach
adenocarcinoma; COAD, colon adenocarcinoma; UCEC, uterine corpus endometrial carcinoma; COADREAD, colorectal adenocarcinoma; READ,
rectum adenocarcinoma; OV, ovarian serous cystadenocarcinoma; BRCA, breast invasive carcinoma; LIHC, liver hepatocellular carcinoma; LAML,
acute myeloid leukemia. C. Differential expression of the seven EGFR ligands in kidney renal clear cell carcinoma and normal tissue. The plot
shows the rank of this cancer subtype among the 19 analyzed ones in terms of ligand expression
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synthesis and maturation [29]. In contrast, the 17 kDa
proTGFα form may accumulate at the cell surface and is
processed under circumstances, such as activation of
certain kinase routes that stimulate the activity of
proTGFα secretases [29, 33, 40]. The action of these
secretases on proTGFα results in release of soluble

TGFα together with the generation of a cell-bound tail
fragment of 15 kDa. Preliminary western blotting studies
of a renal tumoral tissue sample, using an antibody
raised to the C-terminal intracellular region of proTGFα,
showed that the specific sample shown in Fig. 3A mainly
contained the 17 and 15 kDa forms. This antibody was

Fig. 3 TGFα protein levels in renal cancer patients. A. (Left) Schematic representation of proTGFα structure, indicating domains and the
proteolytic cleavage sites that lead to the membrane anchored proTGFα or tail. The antibody used for western blotting detection is showed as
well. (Right) Western blot showing the different forms of TGFα detected in a renal cell carcinoma sample. B. Protein levels of different molecular
forms of TGFα in normal and tumor kidney tissues from 24 patients. The same antibody was used for both the immunoprecipitation and the
western blot. C. Ratio of proTGFα and tail fragment between tumor and normal tissue, calculated as the mean pixel intensity of the upper band
(17 KDa) to the lower band (15 KDa) of the above WB scans. p-value was calculated by the Mann-Whitney U test. D. Pie chart showing the
percentage of paired samples where levels of TGFα were higher (pink), lower (green) or equal (yellow) in the tumor samples than in the healthy
tissue counterpart
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used to explore the prevalence of the different molecular
forms of TGFα in normal and tumoral kidney tissues.
Most normal kidney tissue samples predominantly
expressed the 15 kDa form (Fig. 3B). Moreover, expres-
sion of the 17 kDa form could not easily be detected in
most of the samples, indicating that processing of the 17
to the 15 kDa form was efficient in the normal kidney
tissues. In contrast, expression of the 17 kDa form was
detected in most tumoral samples, in addition to the 15
kDa form. Quantitative analysis of the 17/15 kDa band
ratio showed significant differences (p = 1.85 × 10− 5) be-
tween normal tissues with respect to the tumoral ones
(Fig. 3C). Specifically, in 13 of the analyzed paired sam-
ples (81.25%) the 17/15 kDa ratio was higher in the tu-
moral tissue than in the normal paired tissue, while
those ratios were similar in 2 paired samples (12.5%,
Fig. 3D). Lower ratio of the 17/15 kDa forms in the
tumor with respect to the normal tissue was only
seen in 1 patient (6.25%).

Expression and role of EGFR and TGFα in the proliferation
of kidney cancer cell lines
To functionally explore the role of the EGFR/TGFα sys-
tem in kidney cancer, several established human cell
lines were selected. To help in that purpose in silico
available data from the cancer cell line encyclopedia [41]
was first evaluated. Data obtained from that database
confirmed that the EGFR was highly expressed in kidney
cancer cell lines, quantitatively ranking as the third tu-
moral type, behind upper aerodigestive tract and esopha-
gus (Fig. 4A). Similar analyses showed that kidney
cancer ranked first with respect to TGFα expression
(Fig. 4B). Comparative RNAseq data of the 37 kidney
cancer cell lines represented in such database showed
expected variability among their EGFR and TGFA
mRNA levels and copy number (supplementary Fig. 4A
and B). On the bases of these data, we selected two cell
lines (ACHN and A-498) representative of the highest
(> 0.3) TGFA copy number alterations, one cell line
(769-P) within the lowest range (0–0.1), and two cell
lines (786-O and Caki-2) with intermediate (0.1–0.3 0.3)
copy number alterations. Levels of EGFR copy number
alterations qualitatively paralleled those of TGFA
(ACHN > A-498 > Caki-2 > 786-O > 769-P).
Antibody arrays and western blotting demonstrated

that the EGFR was phosphorylated in the five cell lines
analyzed (Fig. 4C and D and supplementary Fig. 5). In
addition, these studies also showed activation of the
HGFR/c-MET receptor. Western blotting analyses
showed that the levels of total or phosphorylated EGFR
were similar in the five cell lines analyzed (Fig. 4D), in
agreement with the data obtained by the RNAseq ana-
lysis available from the cancer cell line encyclopedia
shown in supplementary Fig. 4A.

With respect to the EGFR ligands, qPCR analyses
showed expression of TGFα and amphiregulin (Fig. 4E).
HB-EGF, betacellulin and epiregulin were expressed at
lower levels, while EGF and epigen were almost un-
detectable. Western blotting confirmed expression of
TGFα in the five cell lines analyzed and amphiregulin in
four of five (Fig. 4D). The pattern of expression of the
different molecular forms of proTGFα varied among the
five cell lines studied. In A-498, ACHN and 786-O cells,
the 17 kDa proTGFα form was clearly detectable (Fig. 4D).
In contrast, in Caki-2 and 769-P cells such 17 kDa form
was low in amount and in some experiments difficult to de-
tect, particularly in Caki-2 cells.
To explore whether the TGFα/EGFR axis could play a

role in the pathophysiology of kidney cancer, we used
genetic and pharmacologic approaches to explore the ef-
fect of targeting the EGFR on the proliferation of kidney
cancer cells. The genetic approach was based on RNAi
of EGFR. Five different short hairpin lentiviral sequences
were analyzed for their capability to decrease expression
of EGFR. Of these sequences we selected two of them
that caused substantial decrease in the EGFR in the five
cell lines (Fig. 5A). The two shRNA sequences decreased
the proliferation of these cells (Fig. 5B). The effect of
pharmacological targeting the EGFR on cell proliferation
was analyzed by using the clinical drug cetuximab, which
interacts with the extracellular region of the EGFR [42].
Treatment with this antibody decreased the proliferation
of all five kidney cancer cell lines (Fig. 5C).
Next, and by using similar approaches, the impact of

TGFα targeting on the proliferation of kidney cancer
cells was studied. The effect of the five RNAi sequences
initially used on the levels of 17 kDa proTGFα is shown
in Fig. 5D. These experiments allowed selection of two
shRNA sequences (#75 and #77) which efficiently
decreased the levels of the factor in all five cell lines
(Fig. 5D). Both sequences substantially affected the pro-
liferation of the five different cell lines (Fig. 5E). Finally,
the effect of a neutralizing anti-TGFα antibody was also
tested. Treatment of the five cell lines with this antibody
decreased their proliferation (Fig. 5F).

Discussion
Despite significant advances in the therapy of kidney
cancer, a proportion of patients cannot be cured by sur-
gical or pharmacological treatment [3, 6]. Therefore, the
finding of new pathophysiological actors in kidney can-
cer could help in fighting this disease. The present study
was initiated with the purpose of increasing our know-
ledge about the contribution of RTKs to the pathophysi-
ology of kidney cancer, considering the clinical benefit
obtained in kidney cancer by multitarget tyrosine kinase
inhibitors as sunitinib or pazopanib [3].
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Fig. 4 Expression of EGFR and TGFα in kidney cancer cell lines. A. Differential expression of EGFR and B. TGFA in different cancer cell lines. RNA-
Seq data were obtained from the Cancer Cell Line Encyclopedia. The number of different cell lines for each cancer subtype is indicated in
brackets and the data corresponding to the expression of both genes in kidney are highlighted with a red dashed square. C. Phosphorylation
level of different RTKs, calculated as the mean pixel intensity of dot duplicates from the antibody array relative to the reference dots (in a.u.). D.
Protein levels of phosphorylated and total EGFR, as well as two ligands (TGFα and amphiregullin) in kidney cancer cell lines. E. Level of expression
(measured by quantitative PCR) of the seven EGFR ligands in the cell lines. Data are represented as 2^-delta Ct, in arbitrary units (a.u.). U_AE,
upper aerodigestive; ESO, esophagus; KID, kidney; U_TR, urinary tract; THY, thyroid; PANC, pancreas; BD, bile duct; L_NSC, lung non-small cell
carcinoma; LIV, liver; PROS, prostate; GLI, glioma; STO, stomach; OV, ovary; END, endometrium; CR, colorectal; OST, osteosarcoma; BRE, breast; NEU,
neuroblastoma; S_TIS, soft tissue; MEL, melanoma; LSC, lung small cells; HL, Hodgkin lymphoma; E_SAR, Ewing sarcoma; BL, Burkitt lymphoma;
DLBCL, diffuse large B-cell lymphoma; T_ALL, T-cell acute lymphoid leukemia; B_ALL, B-cell acute lymphoid leukemia; MM, multiple myeloma;
AML, acute myeloid leukemia; CML, chronic myeloid leukemia
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In our study design, special attention was given to the
selection of samples. It was considered important to look
for tumors from which normal tissue would also be
available. That would allow the comparison of the RTKs
activation status between the normal and the tumoral
tissues of the same patient, and this was expected to give

a more accurate view of the potential participation of
the analyzed RTKs in kidney cancer. These studies dem-
onstrated that the EGFR was active (tyrosine phosphory-
lated) in a substantial number of the tumoral samples.
In contrast, tyrosine phosphorylation of 48 other RTKs
analyzed was inappreciable. Unexpectedly, we did not

Fig. 5 Role of EGFR and TGFα in the proliferation of kidney cancer cell lines. A. Knockdown of EGFR and D. TGFα in renal cancer cell lines. Cells
were infected with control vector (pLKO) and viruses including two different short hairpin sequences targeting EGFR (A) and TGFA (D). Cell
extracts were obtained and the receptor expression was measured by immunoprecipitation followed by western blot with the specific antibody.
B. EGFR or E. TGFα knockdown effect on the proliferation of renal cancer cells. Cells were infected with the indicated shRNAs. After selection, cells
were then plated and counted after 5 days. Results are plotted as the mean ± s.d. of triplicates with respect to the proliferation of cultures
infected with the control vector. C. Effect of cetuximab on the proliferation of renal cancer cells. Cells were treated with 10 nM of cetuximab or
anti-human IgG antibody (hIgG) for 5 days and then counted. Graph bars represent the mean ± s.d. of triplicates normalized to cells treated with
hIgG as a control. F. Effect of a neutralizing anti-TGFα antibody on the proliferation of renal cancer cells. Cells were treated as in C. and counted
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find activation of RTKs that act as major targets of the
clinically approved drugs. In contrast, activation of the
EGFR was found in a substantial number of tumors. In
fact, in thirteen of the twenty paired tumor-normal sam-
ples studied, the tumoral sample expressed higher levels
of pEGFR than the normal tissue. The inverse situation,
i.e., higher pEGFR in normal tissue than in tumoral sam-
ples, was observed in only one case. Given the fact that
targeting EGFR has demonstrated therapeutic benefit in
other neoplastic diseases [43], our results support the
possibility of acting on this receptor. Such idea should
be considered in the context of former clinical studies
using agents that target the EGFR. While the EGFR tyro-
sine kinase inhibitor gefitinib did not offer clinical bene-
fit in a small clinical trial [23]; in the case of lapatinib, a
randomized clinical study showed potential signs of ac-
tivity particularly in patients with high expression of the
receptor [25]. In the case of antibodies targeting the
EGFR, a study using cetuximab in a limited number of
patients demonstrated lack of activity [24], while
Rowinsky et al. showed that ABX-EGF, another human-
ized anti-EGFR antibody exerted some clinical benefit
[26]. This mixed information, with some reports show-
ing lack of activity, and others signs of potential benefit,
decreased the interest of pharmaceutical sponsors to
promote the development of anti-EGFR strategies for
renal cancer. On the other hand, that high grade of un-
certainty motivated us to preclinically explore the role of
EGFR and TGFα in kidney cancer, as they could be used
as druggable targets. In fact, the cell proliferation data
obtained by genetic as well as the pharmacologic target-
ing of EGFR and TGFα suggest that acting on this sys-
tem may be used therapeutically in kidney cancer.
The analyses of the paired samples showed striking

differences in the molecular forms of proTGFα in nor-
mal versus tumoral samples. Normal kidney tissues
mainly expressed processed proTGFα, indicated by accu-
mulation of the 15 kDa tail form. In the tumoral sam-
ples, and in addition to the 15 kDa form, the 17 kDa
proTGFα form was also present. Our unpublished data
indicated that those different ratios could not be attrib-
uted to significantly different levels of expression of the
transmembrane metalloprotease TACE, one of the major
proTGFα processing proteases [44]. The lack of major
changes in TACE expression between normal and tu-
moral kidney tissues suggests that differences in the mo-
lecular forms of proTGFα present in those tissues must
depend on other factors, such as the degree of activation
of TACE [45] or alternative proTGFα secretases [33, 44].
Petrides et al. published that tumoral kidney tissues ex-
press a 4.8 kb TGFA transcript that is not found in nor-
mal kidney tissue [46]. That finding opens the possibility
that such 4.8 kb form may contribute to the different
proTGFα/TGFα ratios. However, the lack of published

data in that direction, together with the well-known
posttranscriptional source of the 17 and 15 kDa forms
suggests that the forms present in the kidney samples
derive from the synthesis and maturation of a common
TGFA transcript [29]. While the functional conse-
quences of such differences in the expression of the vari-
ous proTGFα molecular forms require further analyses,
it is relevant to mention that transmembrane forms of
membrane-anchored growth factors may be active [47,
48]. In the normal tissue, cleavage of proTGFα should
result in the generation of soluble TGFα, which can then
freely navigate across the extracellular spaces. That cir-
cumstance may favor disappearance of soluble TGFα
from the kidney tissue either by diffusion to the blood-
stream, or by internalization and degradation by EGFR
expressed by normal parenchymatous kidney cells. In
any case, the absence of soluble TGFα should restrict ac-
tivation of the EGFR in normal kidney tissue. On the
other hand, uncleaved proTGFα can reside at the cell
surface and therefore remain accessible to EGFR of
neighboring tumoral cells. That circumstance may favor
the proliferation of kidney tumors expressing uncleaved
proTGFα and its receptor.
While targeting TGFα with antibodies that block its

interaction with the EGFR may inhibit tumor progres-
sion [49], our findings on the molecular forms of TGFα
expressed in kidney tumors open a new therapeutic sce-
nario. The presence of uncleaved proTGFα in the dis-
eased tumoral tissue offers the interesting possibility of
directing antibody-drug conjugates (ADC) to the tu-
moral cells expressing transmembrane proTGFα. This is
an attractive hypothesis that could be tested upon avail-
ability of such antibody derivatives. Such idea also impli-
cates the presence of sufficient proTGFα at the cell
surface, as well as assuming that the unclipped
membrane-bound factor would internalize upon binding
to the ADC. Some studies have in fact indicated that
proTGFα can internalize [50], opening the possibility
that this membrane-anchored growth factor may be used
as an ADC target. Future studies should uncover whether
proTGFα and other membrane-anchored growth factors
of the EGF family are suitable ADC targets.

Conclusions
Analyses of paired normal-tumoral patient samples
showed that active EGFR and TGFα are frequently
expressed in kidney cancer. Moreover, pharmacological as
well as genetic manipulations demonstrated the potential
therapeutic value of targeting this receptor-ligand pair in
that disease. Moreover, biochemical characterization of
TGFα showed important differences between the molecu-
lar forms of TGFα expressed in normal and tumoral kid-
ney tissues. We propose that such differences could be
therapeutically exploited.

García-Alonso et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:256 Page 11 of 13



Abbreviations
BCA: Bicinchoninic acid; CCLE: Cancer Cell Line Encyclopedia;
DMEM: Dulbecco’s Modified Eagle’s Medium; EGF: Epidermal growth factor;
EGFR: Epidermal growth factor receptor; FBS: Fetal bovine serum;
PVDF: Polyvinylidene difluoride; RTK: Receptor tyrosine kinase; shRNA: Short
hairpin RNA; TGFα: Transforming growth factor-α

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13046-021-02051-0.

Additional file 1: Supplementary Fig. 1. A. Data from patient
samples used in the study (case number, histopathology database code
and availability of paired samples). B. EGFR phosphorylation levels in
renal cancer patients. Protein lysates were immunoprecipitated with an
anti-EGFR antibody and the activation status was detected by western
blotting using an anti-phosphotyrosine antibody. Total levels of EGFR
were directly analyzed on cell extracts. Examples from 5 different patients
are shown.

Additional file 2: Supplementary Fig. 2. A. Expression of EGFR in
normal and tumor tissue. A. Data obtained from the Firebrowse
database, corresponding to 19 cancer subtypes. B. Data obtained from
the GEPIA2 database, corresponding to 33 different tumor types. RNA-
Seq data in part A are represented as in Fig. 2B.

Additional file 3: Supplementary Fig. 3. Expression of TGFA in
normal and tumor tissue. A. TGFA expression in 31 normal and tumoral
tissues, obtained using the GEPIA2 database. B. Specific analysis of the
expression of TGFA in tumoral vs. normal kidney tissue, showing that
expression in the tumoral tissue is significantly higher than in normal
tissue.

Additional file 4: Supplementary Fig. 4. Expression and copy number
data of EGFR (A) and TGFA (B) in cells represented in the Cancer Cell Line
Encyclopedia. The positions of the cells selected for the study herewith
presented are indicated.

Additional file 5: Supplementary Fig. 5. RTK activation arrays of renal
cancer cell lines. The activated RTKs detected are highlighted with a red
square.

Acknowledgements
Not applicable.

Authors’ contributions
SGA performed most experiments, wrote the paper and interpreted the data.
JCM, IRP and LGS performed some experiments and read the paper. LC
provided patient samples and read the final version of the paper. AO read
and corrected the paper. AP designed and directed the work and wrote the
paper. The author(s) read and approved the final manuscript.

Funding
AP: Ministry of Economy and Competitiveness of Spain (BFU2015–71371-R),
the Instituto de Salud Carlos III through CIBERONC, Junta de Castilla y León
(CSI146P20), the Scientific Foundation of the Spanish Association Against
Cancer (AECC), ALMOM, ACMUMA and the CRIS Cancer Foundation. JCM is
funded by the Instituto de Salud Carlos III through a Miguel Servet program
(CP12/03073 and CPII17/00015) and receives research support from the same
institution (PI18/00796). LGS is recipient of a predoctoral contract (BES-2016-
077748). IRP is recipient of a predoctoral contract (CSI030–18). SGA is
recipient of a predoctoral contract from the MINECO (BES-2013-065223).
Work carried out in our laboratory receives support from the European
Community through the Regional Development Funding Program (FEDER).

Availability of data and materials
The online datasets analysed during the current study are available in the
Cancer Cell Line Encyclopedia (CCLE), Firebrowse (http://firebrowse.org/) and
GEPIA2 (http://gepia2.cancer-pku.cn/#general) repositories.
All data generated from patient frozen samples during the current study are
available in the present paper and additional data may be available by
contacting the corresponding author.

Declarations

Ethics approval and consent to participate
The samples used in this study were from surgical resection and were
obtained following the Declaration of Helsinki on ethical principles for
medical research involving human subjects. Written informed consent for
research use of tissue samples was obtained from the patients.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Instituto de Biología Molecular y Celular del Cáncer, CSIC and CIBERONC.
Institute of Biomedical Research of Salamanca (IBSAL), Salamanca, Spain.
2Pathology Service, University Hospital and IBSAL, Salamanca, Spain. 3San
Carlos University Hospital, Madrid, Spain.

Received: 30 March 2021 Accepted: 26 July 2021

References
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394–424.
https://doi.org/10.3322/caac.21492.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 2020;
70(1):7–30. https://doi.org/10.3322/caac.21590.

3. Posadas EM, Limvorasak S, Figlin RA. Targeted therapies for renal cell
carcinoma. Nat Rev Nephrol. 2017;13(8):496–511. https://doi.org/10.1038/
nrneph.2017.82.

4. Chow LQ, Eckhardt SG. Sunitinib: from rational design to clinical efficacy. J
Clin Oncol. 2007;25(7):884–96. https://doi.org/10.1200/JCO.2006.06.3602.

5. Escudier B, Eisen T, Stadler WM, Szczylik C, Oudard S, Siebels M, et al.
Sorafenib in advanced clear-cell renal-cell carcinoma. N Engl J Med. 2007;
356(2):125–34. https://doi.org/10.1056/NEJMoa060655.

6. Fallahi P, Ferrari SM, Galdiero MR, Varricchi G, Elia G, Ragusa F, Paparo SR,
Benvenga S, Antonelli A. Molecular targets of tyrosine kinase inhibitors in
thyroid cancer. Semin Cancer Biol. 2020:S1044-579X(20)30249-2. https://doi.
org/10.1016/j.semcancer.2020.11.013. Online ahead of print.

7. Aeppli S, Schmaus M, Eisen T, Escudier B, Grunwald V, Larkin J, et al. First-
line treatment of metastatic clear cell renal cell carcinoma: a decision-
making analysis among experts. ESMO Open. 2021;6(1):100030. https://doi.
org/10.1016/j.esmoop.2020.100030.

8. Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et al.
Pembrolizumab plus Axitinib versus Sunitinib for advanced renal-cell
carcinoma. N Engl J Med. 2019;380(12):1116–27. https://doi.org/10.1056/
NEJMoa1816714.

9. Gomella LG, Anglard P, Sargent ER, Robertson CN, Kasid A, Linehan WM.
Epidermal growth factor receptor gene analysis in renal cell carcinoma. J
Urol. 1990;143(1):191–3. https://doi.org/10.1016/S0022-5347(17)39908-1.

10. Hofmockel G, Riess S, Bassukas ID, Dammrich J. Epidermal growth factor
family and renal cell carcinoma: expression and prognostic impact. Eur Urol.
1997;31(4):478–84. https://doi.org/10.1159/000474510.

11. Ishikawa J, Maeda S, Umezu K, Sugiyama T, Kamidono S. Amplification and
overexpression of the epidermal growth factor receptor gene in human
renal-cell carcinoma. Int J Cancer. 1990;45(6):1018–21. https://doi.org/10.1
002/ijc.2910450606.

12. Lager DJ, Slagel DD, Palechek PL. The expression of epidermal growth
factor receptor and transforming growth factor alpha in renal cell
carcinoma. Mod Pathol. 1994;7(5):544–8.

13. Sargent ER, Gomella LG, Wade TP, Ewing MW, Kasid A, Linehan WM.
Expression of mRNA for transforming growth factors-alpha and -beta and
secretion of transforming growth factor-beta by renal cell carcinoma cell
lines. Cancer Commun. 1989;1(5):317–22. https://doi.org/10.3727/0955354
89820874904.

14. Atlas I, Mendelsohn J, Baselga J, Fair WR, Masui H, Kumar R. Growth
regulation of human renal carcinoma cells: role of transforming growth
factor alpha. Cancer Res. 1992;52(12):3335–9.

García-Alonso et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:256 Page 12 of 13

https://doi.org/10.1186/s13046-021-02051-0
https://doi.org/10.1186/s13046-021-02051-0
http://firebrowse.org/
http://gepia2.cancer-pku.cn/#general
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21590
https://doi.org/10.1038/nrneph.2017.82
https://doi.org/10.1038/nrneph.2017.82
https://doi.org/10.1200/JCO.2006.06.3602
https://doi.org/10.1056/NEJMoa060655
https://doi.org/10.1016/j.semcancer.2020.11.013
https://doi.org/10.1016/j.semcancer.2020.11.013
https://doi.org/10.1016/j.esmoop.2020.100030
https://doi.org/10.1016/j.esmoop.2020.100030
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1016/S0022-5347(17)39908-1
https://doi.org/10.1159/000474510
https://doi.org/10.1002/ijc.2910450606
https://doi.org/10.1002/ijc.2910450606
https://doi.org/10.3727/095535489820874904
https://doi.org/10.3727/095535489820874904


15. Baker CH, Kedar D, McCarty MF, Tsan R, Weber KL, Bucana CD, et al.
Blockade of epidermal growth factor receptor signaling on tumor cells and
tumor-associated endothelial cells for therapy of human carcinomas. Am J
Pathol. 2002;161(3):929–38. https://doi.org/10.1016/S0002-9440(10)64253-8.

16. Baker CH, Pino MS, Fidler IJ. Phosphorylated epidermal growth factor
receptor on tumor-associated endothelial cells in human renal cell
carcinoma is a primary target for therapy by tyrosine kinase inhibitors.
Neoplasia. 2006;8(6):470–6. https://doi.org/10.1593/neo.06172.

17. Everitt JI, Walker CL, Goldsworthy TW, Wolf DC. Altered expression of
transforming growth factor-alpha: an early event in renal cell carcinoma
development. Mol Carcinog. 1997;19(3):213–9. https://doi.org/10.1002/(SICI)1
098-2744(199707)19:3<213::AID-MC9>3.0.CO;2-E.

18. Liu B, Diaz Arguello OA, Chen D, Chen S, Saber A, Haisma HJ. CRISPR-
mediated ablation of overexpressed EGFR in combination with sunitinib
significantly suppresses renal cell carcinoma proliferation. PLoS One. 2020;
15(5):e0232985. https://doi.org/10.1371/journal.pone.0232985.

19. Smith K, Gunaratnam L, Morley M, Franovic A, Mekhail K, Lee S. Silencing of
epidermal growth factor receptor suppresses hypoxia-inducible factor-2-
driven VHL−/− renal cancer. Cancer Res. 2005;65(12):5221–30. https://doi.
org/10.1158/0008-5472.CAN-05-0169.

20. Uhlman DL, Nguyen P, Manivel JC, Zhang G, Hagen K, Fraley E, et al.
Epidermal growth factor receptor and transforming growth factor alpha
expression in papillary and nonpapillary renal cell carcinoma: correlation
with metastatic behavior and prognosis. Clin Cancer Res. 1995;1(8):913–20.

21. Walker C, Everitt J, Freed JJ, Knudson AG Jr, Whiteley LO. Altered expression
of transforming growth factor-alpha in hereditary rat renal cell carcinoma.
Cancer Res. 1991;51(11):2973–8.

22. Kedar D, Baker CH, Killion JJ, Dinney CP, Fidler IJ. Blockade of the epidermal
growth factor receptor signaling inhibits angiogenesis leading to regression
of human renal cell carcinoma growing orthotopically in nude mice. Clin
Cancer Res. 2002;8(11):3592–600.

23. Jermann M, Stahel RA, Salzberg M, Cerny T, Joerger M, Gillessen S, et al. A
phase II, open-label study of gefitinib (IRESSA) in patients with locally
advanced, metastatic, or relapsed renal-cell carcinoma. Cancer Chemother
Pharmacol. 2006;57(4):533–9. https://doi.org/10.1007/s00280-005-0070-z.

24. Motzer RJ, Amato R, Todd M, Hwu WJ, Cohen R, Baselga J, et al. Phase II trial
of antiepidermal growth factor receptor antibody C225 in patients with
advanced renal cell carcinoma. Investig New Drugs. 2003;21(1):99–101.
https://doi.org/10.1023/A:1022928612511.

25. Ravaud A, Hawkins R, Gardner JP, von der Maase H, Zantl N, Harper P, et al.
Lapatinib versus hormone therapy in patients with advanced renal cell
carcinoma: a randomized phase III clinical trial. J Clin Oncol. 2008;26(14):
2285–91. https://doi.org/10.1200/JCO.2007.14.5029.

26. Rowinsky EK, Schwartz GH, Gollob JA, Thompson JA, Vogelzang NJ, Figlin R,
et al. Safety, pharmacokinetics, and activity of ABX-EGF, a fully human anti-
epidermal growth factor receptor monoclonal antibody in patients with
metastatic renal cell cancer. J Clin Oncol. 2004;22(15):3003–15. https://doi.
org/10.1200/JCO.2004.11.061.

27. Lv Z, Qi L, Hu X, Mo M, Jiang H, Li Y. Identification of a novel glycolysis-
related gene signature correlates with the prognosis and therapeutic
responses in patients with clear cell renal cell carcinoma. Front Oncol. 2021;
11:633950. https://doi.org/10.3389/fonc.2021.633950.

28. Montero JC, Esparis-Ogando A, Re-Louhau MF, Seoane S, Abad M,
Calero R, et al. Active kinase profiling, genetic and pharmacological
data define mTOR as an important common target in triple-negative
breast cancer. Oncogene. 2014;33(2):148–56. https://doi.org/10.1038/
onc.2012.572.

29. Pandiella A, Massague J. Cleavage of the membrane precursor for
transforming growth factor alpha is a regulated process. Proc Natl Acad Sci
U S A. 1991;88(5):1726–30. https://doi.org/10.1073/pnas.88.5.1726.

30. Esparis-Ogando A, Ocana A, Rodriguez-Barrueco R, Ferreira L, Borges J,
Pandiella A. Synergic antitumoral effect of an IGF-IR inhibitor and
trastuzumab on HER2-overexpressing breast cancer cells. Ann Oncol. 2008;
19(11):1860–9. https://doi.org/10.1093/annonc/mdn406.

31. Montero JC, Garcia-Alonso S, Ocana A, Pandiella A. Identification of
therapeutic targets in ovarian cancer through active tyrosine kinase
profiling. Oncotarget. 2015;6(30):30057–71. https://doi.org/10.18632/oncota
rget.4996.

32. Esparis-Ogando A, Alegre A, Aguado B, Mateo G, Gutierrez N, Blade J, et al.
Bortezomib is an efficient agent in plasma cell leukemias. Int J Cancer. 2005;
114(4):665–7. https://doi.org/10.1002/ijc.20793.

33. Montero JC, Yuste L, Diaz-Rodriguez E, Esparis-Ogando A, Pandiella A.
Mitogen-activated protein kinase-dependent and -independent routes
control shedding of transmembrane growth factors through multiple
secretases. Biochem J. 2002;363(Pt 2):211–21. https://doi.org/10.1042/bj363
0211.

34. Cabrera N, Diaz-Rodriguez E, Becker E, Martin-Zanca D, Pandiella A. TrkA
receptor ectodomain cleavage generates a tyrosine-phosphorylated cell-
associated fragment. J Cell Biol. 1996;132(3):427–36. https://doi.org/10.1083/
jcb.132.3.427.

35. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, et al.
Primer3--new capabilities and interfaces. Nucleic Acids Res. 2012;40(15):e115.
https://doi.org/10.1093/nar/gks596.

36. Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al.
The Cancer cell line encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature. 2012;483(7391):603–7. https://doi.org/1
0.1038/nature11003.

37. Pandiella A, Massague J. Transforming growth factor-alpha. Biochem Soc
Trans. 1991;19(2):259–62. https://doi.org/10.1042/bst0190259.

38. Teixido J, Gilmore R, Lee DC, Massague J. Integral membrane glycoprotein
properties of the prohormone pro-transforming growth factor-alpha.
Nature. 1987;326(6116):883–5. https://doi.org/10.1038/326883a0.

39. Bosenberg MW, Pandiella A, Massague J. The cytoplasmic carboxy-terminal
amino acid specifies cleavage of membrane TGF alpha into soluble growth
factor. Cell. 1992;71(7):1157–65. https://doi.org/10.1016/S0092-8674
(05)80064-9.

40. Bosenberg MW, Pandiella A, Massague J. Activated release of membrane-
anchored TGF-alpha in the absence of cytosol. J Cell Biol. 1993;122(1):95–
101. https://doi.org/10.1083/jcb.122.1.95.

41. Ghandi M, Huang FW, Jane-Valbuena J, Kryukov GV, Lo CC, McDonald ER
3rd, et al. Next-generation characterization of the Cancer cell line
encyclopedia. Nature. 2019;569(7757):503–8. https://doi.org/10.1038/s41586-
019-1186-3.

42. Esparis-Ogando A, Montero JC, Arribas J, Ocana A, Pandiella A. Targeting
the EGF/HER ligand-receptor system in Cancer. Curr Pharm Des. 2016;22(39):
5887–98. https://doi.org/10.2174/1381612822666160715132233.

43. Arteaga CL, Engelman JA. ERBB receptors: from oncogene discovery to
basic science to mechanism-based cancer therapeutics. Cancer Cell. 2014;
25(3):282–303. https://doi.org/10.1016/j.ccr.2014.02.025.

44. Juanes PP, Ferreira L, Montero JC, Arribas J, Pandiella A. N-terminal
cleavage of proTGFalpha occurs at the cell surface by a TACE-
independent activity. Biochem J. 2005;389(Pt 1):161–72. https://doi.org/1
0.1042/BJ20041128.

45. Diaz-Rodriguez E, Montero JC, Esparis-Ogando A, Yuste L, Pandiella A.
Extracellular signal-regulated kinase phosphorylates tumor necrosis factor
alpha-converting enzyme at threonine 735: a potential role in regulated
shedding. Mol Biol Cell. 2002;13(6):2031–44. https://doi.org/10.1091/mbc.
01-11-0561.

46. Petrides PE, Bock S, Bovens J, Hofmann R, Jakse G. Modulation of pro-
epidermal growth factor, pro-transforming growth factor alpha and
epidermal growth factor receptor gene expression in human renal
carcinomas. Cancer Res. 1990;50(13):3934–9.

47. Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of
targeted inhibitors. Nat Rev Cancer. 2005;5(5):341–54. https://doi.org/10.1
038/nrc1609.

48. Montero JC, Rodriguez-Barrueco R, Pandiella A. Transautocrine signaling by
membrane neuregulins requires cell surface targeting, which is controlled
by multiple domains. J Biol Chem. 2011;286(27):24350–63. https://doi.org/1
0.1074/jbc.M110.190835.

49. Pelletier S, Tanguay S, Lee S, Gunaratnam L, Arbour N, Lapointe R. TGF-
alpha as a candidate tumor antigen for renal cell carcinomas. Cancer
Immunol Immunother. 2009;58(8):1207–18. https://doi.org/10.1007/s002
62-008-0630-2.

50. Beidler CB, Petrovan RJ, Conner EM, Boyles JS, Yang DD, Harlan SM, et al.
Generation and activity of a humanized monoclonal antibody that
selectively neutralizes the epidermal growth factor receptor ligands
transforming growth factor-alpha and epiregulin. J Pharmacol Exp Ther.
2014;349(2):330–43. https://doi.org/10.1124/jpet.113.210765.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

García-Alonso et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:256 Page 13 of 13

https://doi.org/10.1016/S0002-9440(10)64253-8
https://doi.org/10.1593/neo.06172
https://doi.org/10.1002/(SICI)1098-2744(199707)19:3<213::AID-MC9>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1098-2744(199707)19:3<213::AID-MC9>3.0.CO;2-E
https://doi.org/10.1371/journal.pone.0232985
https://doi.org/10.1158/0008-5472.CAN-05-0169
https://doi.org/10.1158/0008-5472.CAN-05-0169
https://doi.org/10.1007/s00280-005-0070-z
https://doi.org/10.1023/A:1022928612511
https://doi.org/10.1200/JCO.2007.14.5029
https://doi.org/10.1200/JCO.2004.11.061
https://doi.org/10.1200/JCO.2004.11.061
https://doi.org/10.3389/fonc.2021.633950
https://doi.org/10.1038/onc.2012.572
https://doi.org/10.1038/onc.2012.572
https://doi.org/10.1073/pnas.88.5.1726
https://doi.org/10.1093/annonc/mdn406
https://doi.org/10.18632/oncotarget.4996
https://doi.org/10.18632/oncotarget.4996
https://doi.org/10.1002/ijc.20793
https://doi.org/10.1042/bj3630211
https://doi.org/10.1042/bj3630211
https://doi.org/10.1083/jcb.132.3.427
https://doi.org/10.1083/jcb.132.3.427
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1038/nature11003
https://doi.org/10.1038/nature11003
https://doi.org/10.1042/bst0190259
https://doi.org/10.1038/326883a0
https://doi.org/10.1016/S0092-8674(05)80064-9
https://doi.org/10.1016/S0092-8674(05)80064-9
https://doi.org/10.1083/jcb.122.1.95
https://doi.org/10.1038/s41586-019-1186-3
https://doi.org/10.1038/s41586-019-1186-3
https://doi.org/10.2174/1381612822666160715132233
https://doi.org/10.1016/j.ccr.2014.02.025
https://doi.org/10.1042/BJ20041128
https://doi.org/10.1042/BJ20041128
https://doi.org/10.1091/mbc.01-11-0561
https://doi.org/10.1091/mbc.01-11-0561
https://doi.org/10.1038/nrc1609
https://doi.org/10.1038/nrc1609
https://doi.org/10.1074/jbc.M110.190835
https://doi.org/10.1074/jbc.M110.190835
https://doi.org/10.1007/s00262-008-0630-2
https://doi.org/10.1007/s00262-008-0630-2
https://doi.org/10.1124/jpet.113.210765

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Reagents and antibodies
	Patient samples and RTK phosphokinase arrays
	Cell culture, cell proliferation and infection with lentiviruses
	Immunoprecipitation and western blotting
	Quantitative PCR
	In silico studies
	Statistical analyses

	Results
	Active RTK profiling in normal and tumoral kidney tissues
	EGFR ligands in normal and tumoral kidney tissues
	TGFα molecular forms in normal and tumoral kidney tissues
	Expression and role of EGFR and TGFα in the proliferation of kidney cancer cell lines

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

